The extracellular cellulase activity of several Clostridium species resides in a multisubunit complex which has been designated the cellulosome (3, 4) . The cellulosome of Clostridium cellulovorans consists of three major subunits: a large 189-kDa nonenzymatic scaffolding subunit called CbpA, P100 and P70 (the precise enzymatic functions of which have not been established), and at least six different enzymatic subunits (14, 15) . CbpA has been shown to contain a single cellulosebinding domain (CBD) (8, 15) and nine hydrophobic repeats that contain endoglucanase-binding domains (EBDs) (13, 15, 17) . Since the cellulosome is an extracellular enzyme complex, the nonenzymatic and enzymatic subunits that comprise this complex enzyme must be secreted and then assembled into the cellulosome.
Little is known about the regulation of synthesis and secretion of cellulosome subunits or the mechanism for assembly of the cellulosome. One approach to studying the synthesis of the cellulosome is to grow the C. cellulovorans cells in media containing different carbon and cellulose sources and to characterize the structure and activity of the cellulosome. When cells were grown with crystalline cellulose, cellulosome structure and activity were noted. However, when cells were grown with cellobiose, the major subunits were produced, but not assembled into the cellulosome, and remained free in the growth medium. Furthermore, the data showed that the assembly of cellulosomes from the free major subunits was promoted by the presence of crystalline cellulose.
MATERUILS AND METHODS
Cell culture and media. C. cellulovorans (ATCC 35296) was grown by the method of Sleat et al. (16) . The preculture was prepared with 50 ml of M (modified) medium (containing 0.2% cellobiose as the carbon source) and was grown at 37°C overnight. A 20-ml aliquot of preculture was used to inoculate 400 ml of M medium containing either 0.2% cellobiose, 0.2% pebble-milled cellulose (PMC) (3MM Chr; Whatman), or 0.2% Avicel (PH-105; FMC) as the carbon source. The cul-* Corresponding author. Phone: (916) . Fax: (916) 752-3085. tures were grown at 37°C to the stationary phase with cellobiose and until the carbon substrate was no longer visible with the media containing solid substrates.
Cellulase activity assay. The cellulase activity on carboxymethyl cellulose and crystalline cellulose (Cellulone; Weyerhaeuser) was determined as described below. The assay mixture contained 50 mM morpholinepropanesulfonic acid (MOPS) buffer (pH 7.0), 10 mM CaCl2, 1 mM NaN3, and 1% substrate in a total volume of 10 ml. The reaction was started by adding 100 ,ug of crude supernatant protein to the preincubated (37°C) reaction mixture. At various time intervals, 1 ml of sample was centrifuged to remove the solid content, and the reducing sugar in the supernatant was measured by the 3,5-dinitrosalicylic acid method (12) .
Cellulosome isolation and purification of cellulosome components. The cellulase complex (cellulosome) was purified by cellulose affinity chromatography as described previously (14) . The purified cellulosome was fractionated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE), and the main protein components (CbpA, P100, and P70) were purified by using the ChromaPhor protein recovery system (Promega). These proteins were used for the production of antibodies and for the cellulose-binding assays.
Preparation of immunoaffinity column for cellulosome components. The antiserum for each cellulosome protein (CbpA, P100, and P70) was purified to immunoglobulin G (IgG) by using the Affi-Gel protein A (Bio-Rad). Purified IgG was then immobilized to the Affi-Gel Hz gel (Bio-Rad) with about 2 mg of IgG per ml of gel according to the manufacturer's instructions and made into a minicolumn (1-ml bed volume).
Preparation of native cellulosome from culture supernatant. C. cellulovorans culture grown in various carbon sources was centrifuged for 10 min at 8,000 x g, and the cell-free supernatant was applied directly to each immunoaffinity column by gravity flow. The columns were then washed two times with 5 SDS-PAGE analysis. SDS-PAGE was performed with 7.5% polyacrylamide gels as described by Laemmli (10) . RESULTS 
AND DISCUSSION
C. cellulovorans cells were grown in various media containing different carbon sources to determine whether the carbon source could affect cellulosome production and cellulase activity on crystalline forms of cellulose. The results from these experiments will lead to a better understanding of the regulation of the synthesis of the cellulosome and its subunits.
Cellulase production by cells grown on different carbon sources. Extracellular cellulase production by C. cellulovorans was compared by using cellobiose, PMC, or Avicel as the carbon source for growth. When the activities of the supernatant from various growth media were compared, there was no detectable difference in specific carboxymethyl cellulase activity among cellobiose-, PMC-, and Avicel-grown cultures (Table  1) . When cellulase activities against crystalline cellulose were compared, the PMC-and Avicel-grown cultures showed the same specific activity. However, the supernatant from the cellobiose medium showed a very low capability to degrade crystalline cellulose compared with supematant from Avicel and PMC cultures and assayed during the first hour of incubation (Table 1) .
A most interesting aspect of these studies was observed when the reaction mixtures for testing the ability to degrade crystalline cellulose were incubated for long periods of time with the different growth medium supernatants (Table 1) . These reaction mixtures contained the supernatant from stationary-phase cultures from cells grown on either cellobiose, PMC, or Avicel as the crystalline cellulose substrate. During the time course of incubation, aliquots were removed from the three different reaction mixtures and assayed for the ability to degrade crystalline cellulose. At short periods of incubation time, the PMC and Avicel culture supernatants showed immediate ability to degrade crystalline cellulose ( Fig. 1 ; Table 1 ). On the other hand, with the supernatant from the cellobiose medium, there was an extremely long lag time of about 10 h before any significant cellulase activity was apparent ( Fig. 2 the appearance of the ability to degrade crystalline cellulose with the supernatant from the cellobiose medium.
Cellulosome synthesis in different culture media. Since there was a significant difference in the abilities to degrade crystalline cellulose of cells grown in media containing different carbon sources (Table 1) , a study was made to determine the form of cellulolytic enzymes found in the growth media. In this study, two different approaches were taken to understand the synthesis of the cellulosome and its subunits.
In the first approach, antibodies prepared against the major cellulosome subunits CbpA, P100, and P70 (14) were used to make IgG columns to bind specific components of the cellulosome and any other subunits that might be associated with these components. When the supernatants of the growth media are passed through these columns, one would expect the anti-CbpA to bind cellulosomes, any free CbpAs, and any proteins that may bind rather tightly to either free CbpAs or cellulosomes; the anti-P100 to bind any free P100, cellulosomes, and other proteins that may bind tightly to free P100 or cellulosomes; and the anti-P70 to bind any free P70, cellulosomes, and other proteins that might bind to free P70 and cellulosomes. When the IgG column-bound proteins are eluted from the column and analyzed by SDS-PAGE, one would expect to obtain a protein pattern that would illustrate any subunit interaction patterns based on the specificity of the antibody column used.
Control experiments showed that indeed the IgG columns containing either anti-CbpA IgG, anti-P100 IgG, or anti-P70 IgG could bind whole cellulosomes, as indicated by the presence of the major and minor cellulosomal subunits in the eluted fractions (Fig. 3) . When the supernatant from the growth medium from cells grown with cellobiose was passed through the three types of columns, it was found that only free CbpA, free P100, and free P70 (Fig. 4A, lanes 2 to 4) , but no cellulosomes, were present. In the case of PMC-grown cells, only a small fraction of the subunits was associated to form cellulosomes (Fig. 4B, lanes 2 to 4) . The results with the enzymes from the PMC culture (Fig. 4B, lanes 2 to 4) showed that all three major cellulosome subunits were attached to the anti-CbpA IgG column, and these results argued against the idea that the presence of only free major subunits in cellobiose-grown cultures was due to the dissociation of cellulosomes during their reaction with the antibody column. Thus, we concluded from this first approach that although the major subunits were synthesized, cellulosomes were not assembled when cells were grown in cellobiose and a significant fraction of the major cellulosomal subunits were assembled into a cellulosome in Avicel-grown cells.
In the second approach, the supernatants from growth media were preincubated with Avicel for 1 h in order to allow the cellulosome present in the growth medium to adsorb to the crystalline cellulose (14) . The cellulosome-cellulose complex was separated from the nonadsorbing fraction of the supernatant by centrifugation, and then the cellulosome was eluted from the cellulose and analyzed for its subunits by SDS-PAGE. This approach would identify all bound cellulosomal subunits and other enzymes that either were firmly associated with the cellulosome or were capable of binding to cellulose independently of the cellulosome.
An SDS-PAGE analysis of the growth medium prior to adsorption to cellulose showed a distinct difference in protein patterns for the cellobiose-, PMC-, and Avicel-grown cells (Fig. 5, lanes 1, 4, and 7) . Relative to the PMC-and Avicelgrown cells, very little protein was observed at the gel location of CbpA, P100, and P70 with the cellobiose-grown cells. This finding suggested strongly that the carbon source significantly affected the quantitative synthesis of cellulosomes and their major subunits.
When the second approach, in which preincubation with cellulose was used to study the cellulose-binding components present in the three growth media, the protein patterns obtained upon SDS-PAGE also differed depending on the growth carbon source (Fig. 5) . Most significantly, it appeared that the supernatant from the cellobiose culture (Fig. 5A, lane  3 ) contained cellulosomes and not free major subunits as shown with the IgG column method (Fig. 4) . The materials in the supernatant of the growth media that did not absorb to cellulose are illustrated in Fig. 5A, lanes 2, 5, The functions of these proteins are still unknown. It would be of interest if they are also involved in cellulose degradation. On the other hand, they may only be related to cellobiose utilization and metabolism.
The patterns of the supernatant fractions that did bind to Avicel are illustrated in Fig. 5A, lanes 3, 6, and 9 . The patterns are typical for those found for the major cellulosome subunits CbpA, P100, and P70. These data indicated that cells grown on cellobiose contained a much lower amount of cellulosomes than did cells grown on PMC and Avicel (lanes 3, 6, and 9). Cells grown on PMC and Avicel synthesized significant amounts of CbpA, P100, and P70, and the molar ratio of these major subunits as determined by densitometry was approximately 1:2:3 ( Fig. 5B) for those cells grown on cellulose (Fig.  5A, lanes 6 and 9) . What was surprising was that the supernatant of the cellobiose-grown cells appeared to contain cellulosomes under this condition of assay, whereas data in Fig. 4 indicated the presence of only free major subunits in the supernatant.
The difference in the results with the two approaches suggested to us the possibility that the presence of Avicel in the supernatant fractions during the preincubation period had induced the assembly of the major subunits into a cellulosome complex. To examine this possibility, the interaction of the major subunits with crystalline cellulose was analyzed.
Binding ability of the cellulosome subunits and their binding targets. To study the interaction of the major subunits, it was necessary to isolate pure CbpA, P100, and P70. For this purpose, the cellulosome adsorbed by Avicel from the cells grown on PMC was fractionated by SDS-PAGE. The purified CbpA, P100, and P70, which are the main components of cellulosomes, were obtained by eluting the bands from the SDS-polyacrylamide gel, and their interactions with cellulose FIG. 6 . Analysis of the cellulose-binding abilities of cellulosome subunits. The major cellulosome subunits CbpA, P100, and P70 (10 ,ug of each) were mixed with Avicel either alone or in combination with other cellulosome components. The Avicel-protein complexes were analyzed by SDS-PAGE (7.5% gel). Lanes: M, molecular mass markers; 1, CbpA, P100, and P70; 2, CbpA and P100; 3, CbpA and P70; 4, P100 and P70; 5, CbpA; 6, P100; 7, P70.
were tested. The CbpA protein was able to bind to Avicel (Fig.  6 , lanes 1 to 3 and 5) as shown previously (13), but both P100 and P70 had no cellulose-binding ability (lanes 4, 6, and 7). However, when CbpA was mixed with P100 and P70, the mixture was able to bind to cellulose (lanes 1 to 3). This result strongly indicated that the binding of P100 and P70 to cellulose was dependent on their initially binding to CbpA, which then bound the CbpA-P100, CbpA-P70, and CbpA-P100-P70 complexes to the cellulose through its CBD (8) .
We had reported previously that the HBD of CbpA contained an EBD (17) . We tested the abilities of P100 and P70 to bind to the CBD (8) and to the HBD of the CbpA protein. The data (Fig. 7) clearly indicated that both P100 and P70 were bound only to the HBD in a manner similar to that found for endoglucanases B and D (17) and that P100 and P70 did not bind to the CBD.
Conclusions. Previous studies with C. thermocellum indicated clearly that a reduced and a more tightly structured cellulosome was present on cells grown on cellobiose compared with the larger protuberances present on cells grown on Avicel (2) . These studies did not present any data that indicated the presence of free subunits in the supernatant of the growth media containing cellobiose or Avicel. Further analyses demonstrated that a number of different Clostridium species, including C. cellulovorans, contained cellulosome-like structures (11) . In these morphological studies, the activities of the cellulosomes and the supernatant of the growth media were not determined.
In studies using different carbon sources for growth, it was demonstrated that C. thermocellum grown on cellobiose had reduced levels of Avicelase activity compared with cells grown with crystalline cellulose (9) . The levels of cellulase synthesized by C. thermocellulum depended on various carbon substrates presented to the cells, thus indicating that some carbon substrates actually repressed cellulase synthesis. However, although low but significant levels of cellulase were present with cells grown on cellobiose, no evidence was presented to show that free subunits of the cellulosome enzyme complex were present in the growth medium. More recently it has been shown that cellobiose can induce cellulosome synthesis in various strains of C. thermocellum (5) . Thus, there is a significant difference between C. thermocellum and C. cellulovorans in the manner in which the subunits of the cellulosome are synthesized and assembled when these two organisms are grown in medium containing cellobiose.
The role of the proteins, CbpA (14, 15) and CipA (7), found in the cellulosomes of C. cellulovorans and C. thermocellum, respectively, was shown to be that of a scaffolding protein, since the enzymatic subunits associated with the cellulosome were bound to them. It was also shown that these scaffolding proteins could bind very tightly to cellulose, whereas the enzymatic subunits did not contain strong CBDs. In partial reconstitution studies, it was demonstrated that SL (CipA) and Ss (CelS) could reassociate to form an active cellulase complex, thus showing that reconstitution between subunits could occur (18) . The specific activity of this reconstituted complex was, however, only about 0.4% of that the native enzyme complex. The reconstituted enzyme level obtained in the current experiments is about 30% of that of the control native enzyme (Fig. 2) .
The data taken in total suggest very strongly that the presence of crystalline cellulose promotes the assembly of the cellulosome complex. This conclusion is based on the following results: (i) when cells were grown on cellobiose, little or no cellulosome was present and the major and minor subunits were present in a free form; (ii) there was little or no assembly of the major cellulosome subunits in the absence of crystalline cellulose; and (iii) cellulosome assembly and cellulase activity appeared simultaneously only after incubation of the free major cellulosome subunits with Avicel.
Since a mixture of the major cellulosome subunits did not result in cellulosome assembly in the absence of cellulose and only CbpA can bind to cellulose, we propose that the free CbpA is in a nascent CbpA conformation that does not readily interact with P100 and P70. However, after nascent CbpA binds to cellulose, then CbpA is converted to a conformation capable of binding P100, P70, and the other enzymatic subunits to form a cellulosome. Once the cellulosome is formed, it remains stable even in the absence of cellulose. This model is also supported by the observation that endoglucanases can bind more efficiently to the small EBD peptide than to the complete CbpA protein (13) . Several significant differences can be noted between the cellulosomes of the thermophilic C. thermocellum (4) and of the mesophilic C. cellulovorans (6): (i) the molecular size of the cellulosome complex is smaller for C. cellulovorans (about 106 Da versus about 2.5 x 106 Da); (ii) CbpA (15) contains a hydrophilic sequence repeated four times, while CipA (7) does not contain the hydrophilic sequence; (iii) the highly conserved endoglucanase-binding sequence (about 30 amino acids) in CbpA is completely different from that found in CipA (13); (v) C. cellulovorans does not assemble cellulosomes when it is grown on cellobiose and synthesizes only free cellulosomal subunits, whereas C. thermocellum readily synthesizes cellulosomes even when grown on cellobiose (2); and (v) the synthesis of the cellulosomal complex by C. cellulovorans requires the presence of crystalline cellulose, whereas C. thermocellum cellulosomes are synthesized in the absence of crystalline cellulose (5) .
Thus, systematic investigations of the structure and function and the regulation of synthesis of the cellulosome and its subunits from C. thermocellum and C. cellulovorans are revealing basic differences in their cellulolytic machineries as well as the manner in which the cellulosomes are assembled.
